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SUMMARY:  
Ground-motion Intensity Measures (IM) are parameters that synthetically describe the intensity of ground-
motions; with particular reference on their effects on structures. IMs play an important role in performance based 
seismic design and in ground-motion selection procedures, because they are the link between seismic hazard and 
seismic demand analysis. Many researchers have proposed IMs and investigated their performances, in 
particular, in terms of efficiency, sufficiency and scaling robustness. Unfortunately most of these analyses are 
based on limited case studies that make use of small sets of ground motions. The present paper aims at providing 
a comprehensive comparison of the efficiency and sufficiency of the most important IMs proposed in the 
literature. This study makes use of a large dataset of accelerograms (1700 records) and employs cloud-analysis 
and stepwise regression to investigate their efficiency of sufficiency with reference to various inelastic SDOF 
and MODF structures.  
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1. INTRODUCTION 
Blank line 11 pt 
Probabilistic performance based design of structures allows to evaluate risk related to possible 
earthquake and therefore represents a powerful tool for both assessing existing structures and design 
new ones. One of the objectives of this type on analysis in the estimate of the annual exceedance ratio 
of given levels of structural response λEDP. This latter frequency may be estimated combining the 
results of Probabilistic Seismic Demand Analysis (PSDA) with information on the site under 
consideration. According to this approach the measure of the structural response of interest indicated 
by a parameter named Engineering Demand parameter (EDP), such as interstorey drift, chord rotation, 
etc. The magnitude of the EDP during ground motions may be estimated using non-linear dynamic 
analysis for specific intensities of the ground motions, i.e. for specific values of the ground-motion 
intensity measure (IM). The seismic hazard of the site under consideration, i.e. the annual exceedance 
ration of different levels of IM, λIM, is normally evaluated through PSHA. It is worth noting that the 
IM links seismic hazard, related to the site, with structural response. The IM used in PSDA if for 
structural engineers a quantification of the features of the ground motion that are significant for 
determining structural response and for seismologists the parameter used to describe seismic hazard. 
 
As an example one of the most commonly used IM is the pseudo spectra acceleration at the natural 
frequency of structures Sa(T1), for 5% damping. This parameter is widely used because hazards maps 
in its terms are very common and because it is the most efficient IM for elastic SDOF systems. 
Nevertheless, because of the scarce information that this parameter provides on the spectral shape, 
many researchers have shown that the structural response that an engineer obtains by scaling ground 
motions at Sa(T1) may depended on ground motion selection parameters and in particular on 
magnitude, source to site distance, and epsilon (Baker and Cornell 2006; Luco and Bazzurro 2007). 
Similar issues have been observed for other IMs as PGA and PGV. For these reasons research has 
been focused on the definition of the optimal properties that a IM should possess and on the definition 
of procedures for assessing these latter properties (Baker and Cornell 2004; Baker and Cornell 2005; 



Baker and Cornell 2006; Luco and Cornell 2007; Tothong and Luco 2007). 
 
The present paper illustrates some results of a vast comparison among the efficiency and sufficiency 
of the most important IMs that can be found in the literature. The study was carried out considering 
both SDOF and MODF non-linear systems and allowed to identify the IMs most suited for describing 
the response of the various systems. 
 

Table 3.1. Acceleration based intensity measures considered in the present study.  

Intensity measure Name Reference 

  
PGA = max a t( )( )  Peak ground acceleration – 

  
asq = Ea = a2 t( )dt

0

t f∫ = ars
2  Squared acceleration – 

  
Pa =

1
t2 − t1

a2 t( )dt
t1

t2∫  
Earthquake power index Housner (1975) 

 
arms = Pa  Root mean square acceleration Housner & Jennings (1964) 

  
I A = cos−1β 1−β2 a2 t( )dt

0

t f∫   Arias Intensity. 
 

Arias (1970)  

 
ars = asq  Root square acceleration Housner (1970) 

  
IC = arms

1.5 t95 − t05( )0.5
  

Characteristic Intensity Park et al. (1985) 

  
Ia = amax t95 − t05( )1 3

 – Riddell & Garcia (2001) 

  A95 = Ex = 0.05Ea  – Sarma & Yang (1987) 

  
Iap = PGA ⋅Dur0.5⋅PGA

0.5  – Aptikaev (1982) 

  
PD =

I A

v0
2  

Potential destructiveness Araya & Saragoni  (1980) 

  
Sa T1( )  Spectral acceleration at T1 Shome, Cornell et al. (1998)  

  
EPA = 1

2.5
1

0.4
Sa 5%,T( )dT

0.1

0.5

∫  
Effective peak acceleration FEMA (1994) 
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Tµ∫  
– Kurama & Farrow (2003) 
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(2011) 
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– Cordova et al. (2001) 

  
I M ,D =αSa T1( )β1 RSa

β2eβ3tSM  – Mehanny & Deierlein (2000) 

  
IMSE = Sa T1( )1−α Sa RT1( )α  

– Mehanny (2009)  

  
IMCR = Sa T1( )1−α Sa R3 T1( )α  

– Mehanny  (2009)  

  
Sa T1( ),Sa T2( )⎡⎣ ⎤⎦  – Shome (1999) 

  
Sa T1( ),Sa T2( ) Sa T1( )⎡⎣ ⎤⎦  – Baker & Cornell (2004) 

  
Sa T1( ),ε⎡⎣ ⎤⎦  – Baker & Cornell (2005) 

   
	  



 
2. APPROACHES TO PSDA 
 
The main output of PSDA is the exceedance ratio of a given value y of EDP conditional to an IM 
value, i.e.   P EDP > y | IM = im⎡⎣ ⎤⎦ . Combining this function with information on seismic hazard the 
annual exceedance frequency of various EDV values is easily computed as: 
  

  
λEDP y( ) = P EDP > y | IM = im⎡⎣ ⎤⎦ ⋅ dλ IM im( )

im
∫  (2.1) 

 
As Jalayer (2003) and Baker (2005) have shown the function   P EDP > y | IM = im⎡⎣ ⎤⎦may be obtained 
through different approaches that will be briefly discussed in the following. 
 
2.1. Cloud analysis 
 
According to this type of analysis the structure under consideration is analysed considering a set of 
unscaled ground motions, each one in general will therefore have a different IM value. In the 
following regression analysis is used on the couples EDP-IM in order to estimate the mean value and 
the standard deviation of EDP given IM. In the literature the most common regression technique 
considers a liner relationship between the natural logarithms of the variables under consideration 
(Cornell, Jalayer et al. 2002), i.e.: 
 

( ) ( )1 2ln lnEDP a a IM e= + +  (2.2) 
 
where a1 and a2 are unknown regression parameters and e is a standard error variable (Cornell, Jalayer 

Table 3.2. Velocity based intensity measures considered in the present study. 

Intensity measure Name Reference 

  
PGV = max v t( )( )  Peak ground velocity – 

  
vsq = Ev = v2 t( )dt = vrs

2

0

t f∫  
Squared velocity – 

  
Pv =

1
t2 − t1

v2 t( )dt
t1

t2∫  
– – 

 
vrms = Pv  Root mean square acceleration – 

 
vrs = Ev  Root square velocity – 

 
  
IF = PGV t95 − t05( )0.25

 – Fajfar et al. (1990) 

  
Iv = PGV 2 3 t95 − t05( )1 3

; td = t95-t05  
– Riddell & Garcia  (2001) 

  
MIV = max IV( )  Maximum incremental 

velocity. 
Bertero et al. (1976) 

  
Sv T1( )  

Spectral velocity – 

  
EPV = Sv 5%,1s( )  Effective peak velocity FEMA (1994) 

  
SIH β,T1,T2( ) = Sv β,T( )dT

T1

T2∫  
Housner’s spectral intensity Housner (1952) 

  
SIHC = SIH β,0.1,1.0( ) ;  – Hidalgo & Clough (1974) 

  
SI M = 1

T
SIH T ,2T( )  

– Matsumura (1992) 

  
SI MR = 1

T −Ty

SIH T ,Th( )  
– Martínez-Rueda  (1998) 

  
SIKK = SIH β,T1 − t1,T1 + t2( )  – Kappos & Kyriakakis  (2000) 

   
   

	  



et al. 2002). The function [ ]|P EDP y IM im> = is simply obtained from Eq. (2.2) by substituting the 
IM value of interest. 
 
2.2. Stripe Analysis 
 
When structural analysis is aimed ad characterizing the EDP distribution for one singe value of IM, 
the ground-motions considered can be scaled at the target IM value. At this point the data obtained are 
described through a statistical distribution, most commonly a lognormal distribution: 
 

[ ] ( )|
ˆln| 1 | 1 ˆEDP IM

yP EDP y IM im G y im
⎛ ⎞−µ> = = − = −Φ⎜ ⎟

β⎝ ⎠
 (2.3) 

 
where  µ̂  and  β̂ are the estimates of the distribution parameters obtained from data. This procedure can 
be repeated for various values of IM. Sometimes empirical distributions are used without the need of 
defining parametric distributions. 
 
2.3. Capacity analysis 
 
With this approach the distribution [ ]|P EDP y IM im> = is not directly estimated but results of 
incremental dynamic analyses are used to define the distribution of the values of IM that lead to the a 
specific EDP level, i.e. the distribution,  
 

  
F IMCAP |EDP im | y( ) = P IMCAP < im | EDP = y( )   (2.4) 

 
where IMCAP is a random variable indicating the distribution of the IM values leading to a give level y 
of EDP. 
 
 

Table 3.3. Displacement based intensity measures considered in the present study. 

Intensity measure Name Reference 

  
PGD = max d t( )( )  Peak ground 

displacement 
– 

  
Pd =

1
t2 − t1

d 2 t( )dt
t1

t2∫ = 1
t95 − t05

d 2 t( )dt
t95

t05∫   
= dsq

2  
– – 

  
dsq = Ed = d 2 t( )dt

0

t f∫  – – 

 
drs = Ed  – – 

  Id = dmaxtd
1 3 ; td = t95-t05  – Riddell & Garcia (2001) 

  
Sd T1( )  – – 

   
Table 3.4. Hybrid intensity measures considered in the present study. 

Intensity measure Name Reference 

  
Iz = a t( )2

dt
0

Dt

∫⎛⎝
⎞
⎠ PGA ⋅PGV( )  

– Cosenza & Manfredi (1998) 

  
SIa =

1
0.157

SIH β,0.028,0.185( ) T ∈[0.118,0.500] s  
– Nau & Hall (1984) 

  
SIv =

1
1.715

SIH β,0.285,2.000( ) T ∈[0.500,5.000] s

 

– Nau & Hall (1984) 

  
SId =

1
8.333

SIH β,0.4.167,12.500( ) T ∈[5.000,14.085] s

 

– Nau & Hall (1984) 

   

   

	  



3. GROUND-MOTION INTENSITY MEASURES 
 
Many authors have proposed IMs in order to find synthetic indicators for the intensity of ground 
motions. IMs may be defined in many different way, the most simple being define on parameters of 
ground motions record such as acceleration, velocity, displacement, duration, etc. More advanced 
definition make use of response spectra and therefore take into account structural properties such as 
the natural period. Finally advanced IMs have been defined considering the response of non-linear 
systems (Tothong and Luco 2007). The present study was focused on the analysis of efficiency and 
sufficiency of the IMs listed in Tables 3.1-3.4. Most of the IMs proposed in the literature were 
considered, not considering only advanced non-linear IMs because those are very structure-specific 
measures. 
 
3.1. Properties of the intensity measures  
 
In order to achieve good accuracy in the evaluation on structural response through PSDA it is 
important to use IMs with specific properties, the most important being efficiency, sufficiency and 
scaling robustness. 
 
3.1.1. Efficiency 
A IM is defined efficient if it allows to obtain a reduce variability in the structural response for a given 
IM vale,   σ ln EDP|IM . This reduced variability is desirable because, the standard error on the sample mean 
of the natural logarithm of EDPs, for a specific IM values, is proportional to   σ ln EDP|IM , and the sample 
mean of ln(EDP|IM) is the first order information normally used to evaluate the first term of Eq (2.1). 
Furthermore, since standard error is in ratio to the square root of the number of analyses carried out a 
reduction of   σ ln EDP|IM allows to reduce the number of analyses required to achieve a given accuracy on 
the estimate of EDP|IM.  
 
3.1.2. Sufficiency 
An intensity measure, IM, is sufficient when the conditional probability distribution 

  P EDP > y | IM = im⎡⎣ ⎤⎦ = 1−GEDP|IM y | im( )  is independent form other parameters that are involved in 
the assessment of seismic hazard, such as magnitude, distance and epsilon (Baker and Cornell 2006). 
This feature is desirable because it follows that any set of ground motion chosen for the analysis will 
produce the same   GEDP|IM . On the contrary if a IM is not sufficient the estimate of   GEDP|IM  will also 
depend on the aforementioned parameters. 
 
3.1.3. Scaling robustness 
Another feature that a good IM should posses is scaling robustness, i.e. when accelerograms are scaled 
to a target IM values the results in terms of EDP should be unbiased compared to results of unscaled 
ground motions. In other words structural response should be independent from the scaling factor. 
 
3.1.4. Hazard computability 
An IM possessing all the aforementioned properties will likely be extremely structure specific. 
Theoretically the best IM would be the EDP itself. Obviously, that would mean computing the hazard 
in terms of structural response, and therefore performing a large number of nonlinear analyses (Baker, 
Cornell et al. 2005; Tothong and Luco 2007; Buratti, Stafford et al. 2011). For this reason an 
additional requirement of an IM is computability of seismic hazard. 
 
 
4. COMPARRISON OF THE PROPERTIES 
 
In the present study efficiency and sufficiency in terms of magnitude and distance of the IMs listed in 
Tables 3.1-3.4 were compared. This section describes the adopted ground-motion dataset and the 
SDOF and the MDOF systems considered. In any case the EDP considered was the interstorey drift. 
 
4.1. Ground-motion dataset 
 
The reference ground-motions dataset used in the present work contains 1704 accelerograms selected 



among those contained in the Next Generation of Attenuation dataset. The selection criteria adopted to 
select the ground motions were the following: i) the moment magnitude, Mw, is known, ii) the Joyner-
Boore distance, RJB, is known, iii) the shear wave velocity in the uppermost 30 m is known iv) the 
maximum usable period is greater than 3 s.  Furthermore recordings from the Chi-Chi earthquake were 
excluded in order to avoid bias in the data since their number is as large as ne number of all the other 
recordings. For each system considered a nonlinear dynamic analysis was carried out with each of the 
accelerograms here described. 
 
4.2. Structures considered 
 
4.2.1. Single Degree of Freedom (SDOF) systems  
SDOF systems with periods T = 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 e 2.0 s were considered. The Takeda 
hysteretic model was adopted and Opensees was used to carry out the analyses (Buratti 2011). 
 
4.2.2. Multi Degree of Freedom (MDOF) systems 
Three plane RC frames were considered in the present study. The number of storeys of each frame is 
respectively, two, four and six. The natural periods of these structures are T = 0.46 s for the two storey 
frame, T = 0.69 s for the four storey structure, and T= 0.84 s for the six storey frame. Further details 
can be found in (Buratti 2011). Non-liner models of these frames were implemented in Opensees 
considering fibre-based elements with material nonlinearities confined to the element ends over 
specified plastic hinge lengths (Scott and Fenves 2006). 
 
4.3. Non-linear analysis method 
 
In the present study cloud analysis was used in order to avoid any scaling of the ground motions, 
scaling in fact would require the IMs considered to be robust but this latter property was not 
investigated. The EDP considered is the interstorey drift, probably the most widely used EDP in the 
literature. It was evaluated for all the systems described in Section 4.2 and for all the accelerograms 
introduced in Section 4.1. 
 
4.4. Regression analysis 
 
Maximum interstorey drifts obtained from the analyses were used to investigate sufficiency and 
efficiency of the IM considered. In the present work, in order the reduce the model dependency of the 
results, the regression model normally adopted in the literature (Cornell, Jalayer et al. 2002) was 
extended considering a 3rd degree polynomial model in terms of ln(IM): 
 

  log EDP( ) = a1 + a2 log IM( ) + a3 log IM( )2
+ a4 log IM( )3

+ e  (4.1) 
 

 
  

 

Figure 4.1. SDOF system with T = 0.25 s: stepwise regression for IM = PGA (left) and correlation between the 
residual of the regression for IM = PGD and moment magnitude (right). 

	  



where a1 to a4 are regression parameters and e is a standard error term. Adding terms to a regression 
model may in general not have positive effects only. In fact if there is no theoretical basis for selecting 
the form of the regression model one may use redundant terms that reduce the accuracy of the 
regression model and do not make possible to identify the most significant effects. Conclusions of 
sufficiency and efficiency will therefore be affected. In order to avoid these issues a stepwise 
regression procedure was used. It is a systematic procedure for adding or removing terms from a 
multi-linear regression model based on their statistical significance (F-test). Stepwise regression 
requires to define a trial model (Eq. (4.1) in the present work) the fitness to the data of which is 
compared to the one of models obtained by adding or removing terms form the initial model. Figure 
4.1 shows, as an example, one of the regression models fitted with respect to the drift of the SDOF 
with T = 0.25 s and assuming IM = PGA. It is clear from the figure that the inclusion of a non-linear 
term in log(IM) enhances the regression model. If a linear model were used larger residuals would be 
obtained and conclusions on the efficiency of the IM would also be affected. The goodness of fit of all 
the regressions performed was checked using normality tests on the residuals and quantile–quantile 
plots. 
 
4.5. Efficiency analysis 
 
An IM is efficient, when for a given IM values the variability in structural response is small. An 
efficiency indicator is the dispersion of the residuals of the regression models described previously. A 
measure of this dispersion is the standard deviation of the standard error term e, in Eq (4.1). 
 
4.6. Sufficiency analysis 
 
The sufficiency of the IM may be evaluated, in the framework adopted, by verifying whether the 
residuals obtained from the regression carried out as described in Section 4.4 show any dependency on 
other ground-motion parameters as: magnitude, distance and epsilon. If no dependency is found then it 
is possible to assume that they do not affect structural response for a give IM values. In other words it 
means that with respect to the EDP considered the selected IM provides a sufficient description of the 
features of the ground-motion affecting structural response. As an example, the right panel of Figure 
4.1, shows a plot of the residuals of the regression carried out for the drift of the SDOF system with T 
= 0.25 s and IM = PGD. Sufficiency with respect to magnitude is clearly lacking in this case. In the 
present study the sufficiency in terms of M and R only was considered. 
 
 
5. RESULTS OF THE ANALYSIS 
 
This section describes the main results obtained. For the sake of brevity only the most and the least 
efficient IMs will be reported for the some of the systems considered. 
 
 
 

Table 5.1. Results of the analyses con the SDOF systems with T = 0.25 s. (left) and T = 2.0 s (right) 
High efficiency Low efficiency  High efficiency Low efficiency 
IM Eff. 

σ 
Suff. 
Mw 

Suff. 
RJB 

IM Eff. 
σ 

Suff. 
Mw 

Suff. 
RJB 

 IM Eff. 
σ 

Suff. 
Mw 

Suff. 
RJB 

IM Eff. 
σ 

Suff. 
Mw 

Suff. 
RJB 

INp
† 0.121 0.01 0.028 vrs 0.439 0.53 0.692  IMSR

† 0.148 0.127 0.008 Ic 0.363 0.536 0.222 
EPA 0.130 0.005 0.021 dTrif 0.446 0.18 0.374  IMc 0.160 0.229 0.055 Ia 0.371 0.520 0.176 
IMCR

†† 0.131 0.09 0.081 Pd 0.530 0.47 0.751  vsq 0.160 0.238 0.081 Pa 0.388 0.524 0.181 
IMc 0.134 0.14 0.131 drms 0.530 0.47 0.751  vrs 0.160 0.238 0.081 arms 0.388 0.524 0.181 
SIhkk 0.136 0.056 0.008 pgd 0.530 0.46 0.763  Saavg 0.161 0.221 0.019 pga 0.390 0.517 0.151 
Saavg 0.138 0.13 0.147 Iz 0.557 0.18 0.697  SIM 0.164 0.231 0.022 EPA 0.395 0.503 0.133 
Sa 0.143 0.05 0.006 Id 0.569 0.41 0.789  pgd 0.181 0.204 0.449 SIa 0.419 0.486 0.107 
IMSR

††† 0.147 0.18 0.185 dsq 0.574 0.41 0.787  IMCR 0.182 0.307 0.082 Iz 0.424 0.407 0.209 
SIM 0.154 0.15 0.182 drs 0.574 0.41 0.787  Pd 0.186 0.177 0.363 dTrif 0.482 0.371 0.240 
†α = 0.4; †† R = 4; ††† R =6  †R = 6; †† R = 4 

   

	  



5.1. Analysis of the SDOF systems 
 
The left panel of Table 5.1 reports the IMs with the largest and the smallest efficiencies for the SDOF 
systems with periods T = 0.25 s and T = 2.0 s. The correlation coefficient between the regression 
residuals and moment magnitude and Joyner–Boore distance are also reported. These latter are 
indicator of the sufficiency. From the literature it is known that the most efficient IMs for short period 
structures are those base on acceleration. This conclusion is confirmed by the results in Table 5.1. It is 
interesting to notice that the most efficient IMs are not those based on a single spectral ordinate but 
those based on combinations of more than one spectral value in the proximity of the natural period of 
the system considered. These IMs, in fact, take into account the period elongation due to stiffness 
reduction when non-linear deformations occur. The most efficient IM, INP, contains also information 
of the shape of the response spectrum (Bojórquez and Iervolino 2011). The least efficient IMs in this 
case are those based on displacements and velocities. It is also interesting to notice that high efficiency 
measure have in general also good sufficiency while low efficiency ones have poor sufficiency as 
well. The results in the right panel of Table 5.1 are referred to the SDOF system with T = 2.0 s. In this 
case the IMs based on acceleration or on a single spectral acceleration show little efficiency while 
those based on multiple spectral accelerations still perform well. In this case, as known in the 
literature, measure based on displacements and velocities have higher efficiencies with respect to the 
case previously discussed.  Most of the efficient measures show also good sufficiency. 
 
5.2. Analysis of the MDOF systems 
 
This section describes the results concerning the MDOF structures described in Section 4.2.1. Also in 
this case for the sake of brevity it has not been possible to provide the whole set of results. Only the 
maximum interstorey drift for the ground-storey of the six-storey frame will be discussed because this 
is the storey that showed the largest inelastic deformations. Table 5.2 reports the IMs with the largest 
and the smallest efficiency as well as theirs sufficiency with respect to Mw and RJB. The most efficient 
measures are also in this case those based on multiple spectral acceleration. The IM with the best 
performance is INP. Good efficiency was also obtained with respect to velocity and spectral 
displacements evaluated at the natural period of the structure. The least efficient measures are those 
based on displacements. In terms of sufficiency the same conclusions previously drawn are valid. 
 
5.3. Definition of vector intensity measures 
 
In order to increase the efficiency of traditional IMs, researchers have proposed to define vector IMs 
(Baker and Cornell 2004). In the present study the results of the analyses discussed in Sections 5.1 and 
5.2 were used to define couples of IMs best suited to form vector IMs, (IM1, IM2). In particular the 
residuals of the step-wise regression performed for any IM where compared to all the remaining IMs 
in order to identify possible correlations. In fact, if a strong correlation is found between the residuals 
of the regression for IM1 and a second intensity measure IM2, then adding IM2 to the regression model 
would lead a better prediction of the structural response because IM2 describes features of the ground 
motions that IM1 does not describe. The vector measure (IM1, IM2) would be more efficient than IM1 

Table 5.2. Results of the analyses on the six storey RC frame. 

High efficiency Low efficiency 
IM Eff. 

σ 
Suff. 
Mw 

Suff. 
RJB 

IM Eff. 
σ 

Suff. 
Mw 

Suff. 
RJB 

INp
† 0.08

 
0.15

 
0.10

 
SIa 0.31

 
0.25

 
0.058 

Sd 0.09
 

0.03
 

0.00
 

pgd 0.35
 

0.40
 

0.635 
SIM

††  0.10
 

0.15
 

0.15
 

Pd 0.35
 

0.39
 

0.610 
SIhKK 0.10

 
0.05

 
0.03

 
drms 0.35

 
0.39

 
0.610 

Saavg
†† 0.10

 
0.14

 
0.10

 
Id 0.38

 
0.36

 
0.685 

EPV 0.11
 

0.14
 

0.11
 

dSq 0.38
 

0.35
 

0.676 
Sv 0.11

 
0.14

 
0.11

 
dRs 0.38

 
0.35

 
0.676 

SIv 0.12
 

0.05
 

0.00
 

dTrif 0.40
 

0.21
 

0.271 
IMCR

††† 0.12
 

0.04
 

0.05
 

Iz 0.41
 

0.03
 

0.493 
†α = 0.4; T = 0.84 s; ††† R = 4, T = 0.84 s 
 

	  



alone. As an example Table 5.3 lists the highest correlations found among the residuals of the 
regression performed considering the response of the SDOF system with T = 2.0 s and the intensify 
measure INP with all the other IMs considered in the present study. The efficiency of the so obtained 
vector measures was evaluated using the same procedure described in Section 4.5, extending the 
model in Eq. (4.1) by including polynomial terms related to the independent variable IM2. Stepwise 
regression was used to remove non–significant terms. For example, for the SDOF system with T = 2.0 
s the standard deviation of the error term for the vector IM (INP, dSq) is 0.126 while for the scalar IM 
INP is 0.196. 
 
 
6. CONCLUSIONS 
 
The present study investigated the efficiency and the sufficiency with respect to Mw and RJB of a large 
number of IMs proposed in the literature. These properties were evaluated considering various SDOF 
and MODF nonlinear systems. “Cloud” analysis was used adopting 1704 unscaled accelerograms. The 
results of the analyses were post-processed using stepwise regression in order to define the optimal 
regression model for each IM considered. The results of the analysis allowed to classify the IMs in 
terms of efficiency and sufficiency for the various systems considered. Furthermore it was define a 
procedure for searching candidates for forming vector intensity measures. These latter have higher 
efficiency that scalar measure but normally increase the effort required for computing seismic hazards. 
 
 
REFERENCES 
 
Aptikaev, F.F. (1982). On the correlations of MM Intensity with parameters of ground shaking. 7th 

European Conference on Earthquake Engineering. 2: 95-97. 
Araya, R. and Saragoni, G.R. (1980). Capacidad de los moviemientos sismicos de producir daño 

estructural, Report No. SES I 7/80, Division of Structural Engineering, Department of 
Engineering, University of Chile. 

Arias, A. (1970). A measure of Earthquake Intensity. In Seismic Design for Nuclear Power Plants. 
Edited by R. J. Hansen. Massachusetts Institute of Technology Press: 438-483. 

Baker, J.W. (2005). Vector-valued ground motion intensity measures for probabilistic seismic demand 
analysis, Department of Civil and Environmental Engineering, University of Stanford. 

Baker, J.W. and Cornell, C.A. (2004). Choice of a Vector Ground Motion Intensity Measures for 
Seismic Demand Hazard Analysis. 13th World Conference on Earthquake Engineering.  

Baker, J.W. and Cornell, C.A. (2005). A vector-valued ground motion intensity measure consisting of 
spectral acceleration and epsilon. Earhtquake Eng. & Structural Dynamics. 34:10, 1193 - 
1217. 

Baker, J.W. and Cornell, C.A. (2006). Spectral shape, epsilon and record selection. Earhtquake Eng. 
& Structural Dynamics. 35:9, 1077-1095. 

Baker, J.W., Cornell, C.A. and Tothong, P. (2005). Disaggregation of Seismic Drift Hazard. 9th 
International Conference on Structural Safety and Reliability (ICOSSAR05).  

Bertero, V.V., Herrera, R.A. and Mahin, S.A. (1976). Establishment of design earthquakes - 
Evaluation of present methods. Int. Symposium on Earthquake Structural Engineering.  

Bojórquez, E. and Iervolino, I. (2011). Spectral shape proxies and nonlinear structural response. Soil 
Dynamics and Earthquake Engineering. 31:7, 996-1008. 

Buratti, N. (2011). Confronto tra le performace di diverse misure di intensità dello scuotimento 
sismico. XIV Convegno L'Ingegneria Sismica in Italia.  

Buratti, N., Stafford, P.J. and Bommer, J.J. (2011). Earthquake Accelerogram Selection and Scaling 
Procedures for Estimating the Distribution of Drift Response. Journal of Structural 
Engineering. 137:3, 345-357. 

Cordova, P.P., Deierlein, G.G., Mehanny, S.S.F. and Cornell, C.A. (2001). Development of a two-

Table 5.3. SDOF system with T = 2.0 s: correlation between the residuals of the stepwise regression for IM 
= INP and some of the IMs considered in the present study. 

dSq Id Pd pgd vsq vrs dTrif Iv IMSR 
0.466 0.450 0.431 0.421 0.205 0.205 0.186 0.180 0.158 
         
         

	  



parameter seismic intensity measure and probabilistic assessment procedure. 2nd U.S.-Japan 
Workshop on PBEE Methodology for Reinforced Concrete Building Structures.  

Cornell, C.A., Jalayer, F., Hamburger, R.O. and Foutch, D.A. (2002). Probabilistic basis for 2000 SAC 
federal emergency management agency steel moment frame guidelines. Journal of Structural 
Engineering. 128:4, 526 - 533. 

Cosenza, E. and Manfredi, G. (1998). A seismic design method including damage effect. 11th 
European Conference on Earthquake Engineering.  

Fajfar, P., Vidic, T. and Fischinger, M. (1990). A measure of earthquake motion capacity to damage 
medium period structures. Soil Dynamics and Earthquake Engineering. 9:5, 236-242. 

Federal Emergency Management Agency (FEMA) (1994). NEHRP Recommended provisions for the 
developement of seismic regulations for new buildings. 

Hidalgo, P. and Clough, R.W. (1974). Earthquake simulator study of a reinforced concrete frame, 
Report No. Report UCB/EERC-74/13, EERC, University of California, Berkeley, CA. 

Housner, G.W. (1952). Spectrum Intensities of Strong-Motion Earthquakes. Symposium on 
Earthquake and Blast Effectrs on Structures. 20-36. 

Housner, G.W. (1970). Strong Ground Motion. In Earthquake Engineering. Edited by R. L. Wiegel. 
Prentice-Hall Inc. 

Housner, G.W. (Year). Measures of Severity of Ground Shaking. U.S. Conference on Earthquake 
Engineering. 25-33. 

Housner, G.W. and Jennings, P.C. (1964). Generation of artificial earthquakes. Journal of the 
Engineering Mechanics Division. 90:Proceedings paper 3806. 

Jalayer, F. (2003). Direct probabilistic seismic analysis: implementing non-linear dynamic 
assessments, Department of Civil and Environmental Engineering, Stanford University. 

Kappos, A.J. and Kyriakakis, P. (2000). A re-evaluation of scaling techniques for natural records. Soil 
Dynamics and Earthquake Engineering. 20:1-4, 111-123. 

Kurama, Y.C. and Farrow, K.T. (2003). Ground motion scaling methods for different site conditions 
and structure characteristics. Earhtquake Eng. & Structural Dynamics. 32:15, 2425-2450. 

Luco, N. and Bazzurro, P. (2007). Does amplitude scaling of ground motion records result in biased 
nonlinear structural drift responses? Earhtquake Eng. & Structural Dynamics. 36:13, 1813-
1835. 

Luco, N. and Cornell, C.A. (2007). Structure-specific scalar intensity measures for near-source and 
ordinary earthquake ground motions. Earthquake Spectra. 23:2, 257-392. 

Martínez-Rueda, J.E. (1998). Scaling procedure for natural accelerograms based on a system of 
spectrum intensity scales. Earthquake Spectra. 14:1, 135-152. 

Matsumura, K. (1992). On the intensity measure of strong motions related to structural failures. 10th 
World Conference on Earthquake Engineering. 1: 375-380. 

Mehanny, S.S.F. (2009). A broad-range power-law form scalar-based seismic intensity measure. 
Engineering Structures. 31:7, 1354-1368. 

Mehanny, S.S.S. and Deierlein, G.G. (2000). Modelling of assessment of seismic performance of 
composite frames with reinforced concrete columns and steel beams, Report No. 135, 
Department of Civil and Enviromental Engineering, Stanford University. 

Nau, J.M. and Hall, W.J. (1984). Scaling methods for earthquake response spectra. Journal of 
Structural Engineering. 110:7, 1533-1548. 

Park, Y.-J., Ang, A.H.-S. and Wen, Y.K. (1985). Seismic damage analysis of reinforced concrete 
buildings. Journal of Structural Engineering. 111:4, 740-757. 

Riddell, R. and Garcia, J.E. (2001). Hysteretic energy spectrum and damage control. Earhtquake Eng. 
& Structural Dynamics. 30:12, 1791-1816. 

Sarma, S.K. and Yang, K.S. (1987). An evaluation of strong motion records and a new parameter A95. 
Earhtquake Eng. & Structural Dynamics. 15:119-132. 

Scott, M.H. and Fenves, G.L. (2006). Plastic hinge integration methods for force-based beam-column 
elements. Journal of Structural Engineering. 132:2,  

Shome, N. (1999). Probabilistic Seismic Demand Analysis of Nonlinear Structures, Department of 
Civil and Environmental Engineering, Stanford University, CA, USA. 

Shome, N., Cornell, C.A., Bazzurro, P. and Carballo, J.E. (1998). Earthquakes, records, and nonlinear 
responses. Earthquake Spectra. 14:3, 469 - 500. 

Tothong, P. and Luco, N. (2007). Probabilistic seismic demand analysis using advanced ground 
motion intensity measures. Earhtquake Eng. & Structural Dynamics. 36:13, 1837-1860.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


